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  ABSTRACT 
SYNTHETIC BIOLOGY FOR HETEROTROPHIC PRODUCTION OF HIGH-
VALUE CHEMICALS 
 
MATTHEW MCKILLOP 
2018 
 In addition to the best feedstock sugarcane, industrial beets are of great potential to 
become another ideal feedstock for production of advanced biofuels and high-value 
chemicals. Beets produce readily-fermentable sugars (especially sucrose), eliminating the 
cost for starch hydrolysis required for corn-based biofuel production. However, the whole 
beet has very high-water content (75% water), which is a big challenge for transportation 
and storage. Additionally, the energy-intensive process to make table sugar (sucrose) using 
beet juice is unnecessary for biofuel/biochemical production. To overcome this challenge, 
this study aims to address alternative ways to produce highly demanded bio-products 
directly from the raw beet juice. With advancements in the biofuel sector it has become 
possible to apply synthetic biology of bacteria to produce compounds not solely used in 
fuel or power generation.  Linalool is a monoterpene which sees use in a wide variety of 
commercial and industrial compounds and potentially medicine.  Ethylene is a primary 
component in the synthesis of plastics, antifreeze, and synthetic fibers.  Both of these 
products are produced in nature in very small quantities, making it economically non-viable 
to extract these directly from the producing plants, so they must be synthesized using costly 
xii 
 
processes which have a high carbon efflux into the environment.  Through the genetic 
engineering of E. coli W (ATCC9637), a recently sequenced E. coli strain capable of 
utilizing sucrose as sole carbon source, it is possible to use a high sucrose-containing beet 
juice (Beta. vulgaris L.) to produce both linalool and ethylene, respectively.  This project 
successfully engineered E. coli W to produce and secrete perfume linalool and bio-ethylene 
using the beet juice as sole carbon source. The linalool productivity of E. coli W was 324.05 
± 87.07 nmol L-1 Day-1 OD600-1. The maximum linalool productivity of E. coli W had an 
average rate over first three days of 553.47 ± 74.1 nmol L-1 Day-1. The maximum 
conversion efficiency of sucrose to linalool was between 24 and 48 hours producing 94.34 
nmol linalool/mol sucrose. E. coli W with pZR1429 grown in 25 mL BG11 medium 
containing 7.4% sucrose from beet juice produced 12.68 ± 0.86 nmols within the first 24 
hours. The max conversion efficiency of sucrose to ethylene was 20.42 ± 5.02 nmol 
ethylene/mol sucrose during the first 9 hours.
1 
 
 Chapter 1: Introduction 
1.1.Introduction 
Advancements in medical technology have allowed the world population to climb 
to 7.6 billion people.  In conjunction with the effects of globalization, demand for goods 
and services around the world has also increased and so has consumption.  To address this 
problem, it has become necessary for scientists to find ways to engineer the products the 
population requires utilizing the least amount of materials to achieve the highest yield from 
renewable sources.  A large push for renewable fuels and electricity supplies by many 
countries in the world has come as a result of scarcity and economic stability.  This is 
evident in large fields of solar panels in desert areas in first-world countries and the 
expansion of wind and hydroelectric power to meet energy demands.  However, currently 
it is impossible to build certain planes, trains, and rockets that can be sustained solely on 
solar power or a charged battery.  These modes of necessary transport and exploration are 
still primarily supplied by non-renewable fuels derived from petroleum, coal, or fossil fuels.  
To address this problem, scientists have tried to advance the field of renewable fuels 
utilizing plant-based substrates or photosynthetic organisms. 
1.2.Objectives 
Depletion of fossil fuels and growing economic dependency on countries with oil 
supplies, combined with the necessity to combat climate change to preserve farm land and 
ecosystems make it a necessity to find new, innovative ways to produce these types of 
products.  This study aims to: 
1) Genetically engineer E. coli W (ATCC9637) to produce linalool from a renewable beet 
juice substrate (Beta vulgaris L.) 
2 
 
2) Genetically engineer E. coli W (ATCC9637) to produce ethylene from a renewable 
beet juice substrate (Beta vulgaris L.) 
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Chapter 2: Literature Review 
2.1.Biofuels 
Biofuels research expanded in recent decades due to the decrease in availability of 
fossil fuels and other non-renewable resources.  While other areas of scientific 
development have been attempting to address this growing problem by increasing the 
efficacy of technologies including solar panels, wind energy, hydroelectricity, nuclear 
power, and electric cars to decrease dependence on petroleum, it is still necessary to find 
new, innovative ways of manufacturing these high-demand compounds for use in biofuels.  
These new forms of energy must be stored in the form of electricity in a battery, but this 
causes a problem for quick energy availability to power devices including heavy-duty 
mining drills, rockets or jets.  Because of this current constraint on battery technology, 
researchers have been developing new ways of obtaining fuels through the conversion of 
renewable substrates via genetic engineering and advanced chemical synthesis techniques. 
2.1.1. First Generation Biofuels 
First generation biofuels were a response to public demand to cut down on harmful 
CO2 emissions after their contribution to man-made climate change became apparent.  This 
required a shift from the utilization of petroleum and other non-renewable resources to 
produce gasoline and led to the necessity to develop bioethanol and biodiesel from plant-
based carbon sources.  The plant-based carbon sources manifested in two different forms: 
(1) raw plant matter comprised of sucrose and starch which required enzymatic treatment 
prior to inoculating with yeast to produce ethanol, or (2) in the form of vegetable oils which 
usually required a process called esterification to produce fuels for combustion-based 
engines. 
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2.1.2. Second Generation Biofuels 
Second generation biofuels utilized the inedible portions of plant matter such as the 
plant cell wall comprised of lignocellulose and hemicellulose, and other polysaccharides 
which are normally inaccessible to the human digestive system and are therefore unsuited 
for food. These polysaccharides can be broken down through two different processes; 
hydrolysis followed by fermentation, or gasification to produce biofuels.  This second 
generation of biofuels was a large improvement over the first generation in that second 
generation are able to completely substitute as a fuel source in combustion engines, 
whereas the first generation biofuels must be mixed with gasoline or diesel to be a viable 
energy source (Naik et al. 2010). 
2.1.3. Third Generation Biofuels 
Third generation biofuels were an attempt to move to a more “carbon neutral” line 
of biofuels to further reduce the carbon footprint made by utilizing plant matter for 
conversion to bioethanol and biodiesel.  This was approached by utilizing photosynthetic 
organisms to utilize carbon (CO2) from the atmosphere to convert into biofuels or other 
useful products which can be turned into biofuels or commercial goods (Halfmann, Gu, 
and Zhou 2014). 
2.1.4. Fourth Generation Biofuels 
Fourth generation biofuels shifted the focus away from finding a renewable 
feedstock to reducing the amount of energy input required to transform feedstocks into the 
desired compound.  The intention was to make feedstock which is more economically 
sustainable than the current selection while being able to apply the currently understood 
techniques.  This was continually approached through the genetic engineering of algae or 
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photosynthetic organisms to produce and secrete desired compounds through the 
conversion of atmospheric CO2 and H2O to terpenoids and ethanol (Halfmann 2017; Deng 
and Coleman 1999; Voloshin et al. 2016; Lu, Sheahan, and Fu 2011). 
2.2.Terpenoids 
Terpenoids (sometimes called isoprenoids) encompass several classes of molecules 
which are highly valued in the commercial and industrial markets, due to their necessity in 
the manufacturing of many products either directly, in the form of an additive, or as a 
chemical intermediate. Due to functional isoprenoids’ wide range of applications ranging 
from biofuels, laundry detergents, insecticides and medications, and the potential threats 
of climate change on cultivatable lands compounded with an expanding population, it is 
becoming necessary to develop new ways of synthesizing these important compounds to 
both lessen environmental impacts as well as keep up with growing global demand. 
Terpenoids can be subdivided into three main groups: ten-carbon monoterpenes, 
fifteen-carbon sesquiterpenes, and twenty-carbon diterpenes.  The ten-carbon 
monoterpenes are compounds found in essential oils of plants.  These compounds 
contribute to the flavor and aroma of these plants and are acyclic, monocyclic, or bicyclic 
ten-carbon molecules synthesized from geranyl pyrophosphate (GPP) and the 
accompanying synthase (Loza-Tavera 1999).  The fifteen-carbon sesquiterpenes are 
another class of primarily plant-made terpenoids which share very similar properties to 
monoterpenes in that they can be used in pharmaceuticals, additives or precursors to fuels.  
A subgroup of sesquiterpenes, called sesquiterpene lactones, are secondary metabolites 
with fungicidal activity, and are comprised of over 5000 currently known compounds 
(Wedge, Galindo, and Macias 2000).  Diterpenes are also excreted by plants and are found 
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in common products such as coffee.  Two specific diterpenes found in unfiltered coffee can 
have adverse health effects, such as elevation of serum cholesterol and alanine 
aminotransferase (Urgert, Schulz, and Katan 1995). 
2.2.1. Terpenoid Applications 
Monoterpenes, sesquiterpenes, and diterpenes all have similar uses in the 
commercial, industrial, and medical sectors.  In nature, these terpenoids are all secreted by 
plants in essential oils and have been shown to have antimicrobial effects (Barrero et al. 
2005; Hui et al. 2017; Kuzma et al. 2007).  These effects include antibacterial and 
antifungal activities of compounds excreted in a mixture to ensure the survival of the plant.   
All three classes of terpenoids have also been examined regarding their potential 
development as anticancer drugs and treatments.  In the case of monoterpenes, the 
compound linalool has been shown to induce cell cycle arrest and apoptosis of HeLa 
leukemia and cervical cancer cells through interactions involving CDKIs (Chang et al. 
2015).  In sesquiterpenes, lactone variants have been found to increase tumor sensitivity to 
existing cancer treatments (Chadwick et al. 2013).  Finally, in diterpenes a very large 
variety of compounds fit under the category of anticancer treatments (Islam 2017). 
2.2.2. Essential Metabolic Pathways 
 
2.2.2.1. MEP Pathway 
The Methylerythritol Phosphate pathway or MEP pathway (Figure 2.1) is a 
common method of bacterial isoprenoid synthesis discovered in the early 1990’s, which 
takes glyceraldehyde-3-phosphate and pyruvate to produce 1-deoxyxylulose-5-phosphate 
(DXS) which, through a series of reactions, forms the precursors to synthesis of mono-, 
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sequis-, and diterpenoids (Rohmer et al. 1993). This pathway utilizes carbon from the 
traditional glycolysis pathway (EMP) in the form of pyruvate and glyceraldehyde-3-
phosphate (Rohmer et al. 1996).  The MEP pathway is the pathway primarily used in 
bacteria and Apicomplexa, as well as being present in plant species (Frank and Groll 2017). 
 
Figure 2.1: MEP pathway in B. subtilis. Eight enzymes are involved in the conversion of 
D-glyceraldehyde-3-phosphate and pyruvate to IPP and DMAPP. These two products are 
precursors for isoprenoid compounds such as carotenoids. Enzymes in the metabolic 
pathway: 1-deoxy-Dxylulose-5-phosphate synthase (Dxs), 1-deoxy-D-xylulose-5-
phosphate reductoisomerase or 2-C-methyl-D-erythritol 4-phosphate synthase (Dxr, 
IspC), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (IspD), 4-(cytidine 5′-
diphospho)-2-C-methyl-D-erythritol kinase (IspE), 2-Cmethyl-D-erythritol 2,4-
cyclodiphosphate synthase (IspF), (E)-4- hydroxy-3-methylbut-2-enyl-diphosphate 
synthase (IspG), 4-hydroxy-3- methylbut-2-enyl diphosphate reductase (IspH), and 
isopentenyldiphosphate delta-isomerase (Idi). Intermediates in the metabolic pathway: 1-
deoxy-D-xylulose 5-phosphate (DXP), 2-C-methyl-Derythritol 4-phosphate (MEP), 4-
(cytidine 5′-diphospho)-2-C-methyl-Derythritol (CDP-ME), 2-phospho-4-(cytidine 5′-
diphospho)-2-C-methylD-erythritol (CDP-MEP), 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (MEC), (E)-4-hydroxy-3-methylbut-2-en-1-yl diphosphate (HMBPP), 
isopentenyl diphosphate (IPP), and dimethylallyl diphosphate (DMAPP). From Xue et al. 
(2015). 
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2.2.2.2. MVA Pathway 
The Mevalonate pathway or MVA pathway (Figure 2.2) is the earliest discovered 
pathway for terpenoid synthesis, and is most common in eukaryotic organisms, archaea, 
and some bacteria.  This is the primary pathway used in flowering plants, citrus, and trees 
to produce terpenoids which are modified by other enzymes to give characteristic odors to 
attract pollinators or animals.  The MVA pathway begins with the modification of acetyl-
CoA by the addition of another acetyl-CoA molecule. 
 
Figure 2.2: Outline of the MVA pathway from Acetyl-CoA to Dimethyallyl-PP and 
Isopentyl-5-pyrophosphate. Adapted from (Asrar 2012). 
2.3.  Linalool 
 
2.3.1. Methods of Producing Linalool 
Linalool (3,7-Dimethyl-1,6-octadien-3-ol) is a C10-terpene alcohol compound 
belonging to the monoterpene class of terpenoids, and is commonly extracted from plant 
essential oils of tropical plants as racemic mixtures of licareol, (R)-linalool, and coriandrol, 
and (S)-(+)-linalool.  Linalool is a natural product of flowering tropical plants, spices, and 
trees (Aprotosoaie et al. 2014; Piras et al. 2018).  However due to requirements for higher 
grade linalool, the compound must sometimes be synthesized to ensure purity for 
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production of varying commercial goods such as perfumes (Bauer, Garbe, and Surburg 
1988).  These methods are costly and start with either pinene, another form of monoterpene, 
or other chemicals, proceeding through a series of complex chemical reactions 
(International 1997). 
2.3.2. Applications of Linalool 
Linalool has a wide range of applications including use in insecticides, insect 
repellents, antimicrobials, manufacturing of perfumes, flavoring additives in brewing and 
other food manufacturing processes, jet-fuel precursors, and potentially as anticancer 
medication.  Linalool constitutes a portion of the essential oils secreted by plants, usually 
excreted in a racemic mixture varying between 5% and 70% of the total composition of the 
essential oil, and acts as a defense mechanism for the plants against invading microbes 
(Sarrazin et al. 2016).  In an analysis of 204 cosmetic products and 97 commercially 
available detergents, linalool was found to be a common ingredient as a fragrance additive 
(Kerem et al. 2011).  Linalool had been found to interact with PPARα, also known as 
NR1C1, which is a common receptor in the cell nucleus, and reduces plasma TG levels and 
influences cellular metabolism (Jun et al. 2014). Linalool has recently been found to reduce 
tumor sizes in mice afflicted with cervical cancer though the interaction with CDKIs, 
resulting in apoptosis and cell cycle arrest (Chang et al. 2015).  Finally, linalool can also 
serve as a precursor to jet fuel or other high-density fuels (Mendez-Perez et al. 2017). 
2.4.  Ethylene 
 
2.4.1. Methods of Producing Ethylene 
Ethylene is primarily produced commercially in Europe and Asia through the 
cracking of non-renewable resources such as naphtha (a derivative of distilling shale, coal, 
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and petroleum) and gasoil (ICIS 2007).  These processes are costly and unsustainable and 
release large amounts of toxic byproducts. Although ethylene is secreted by plants and used 
as a signaling hormone, especially in those that produce fruit, it is not currently 
commercially viable to grow plants for the direct extraction of ethylene.  It is becoming 
more and more necessary to turn to the advancements made in biofuels to apply 
methodologies and find new, renewable substrates for production of ethylene. 
The scientific community has tried to address the non-renewable nature of current 
methods of ethylene production through the genetic engineering of cyanobacteria, applying 
foundational principals and economic philosophy of fourth generation biofuels.  The 
reduction of input costs by engineering cyanobacteria to utilize atmospheric CO2 and H2O 
could potentially drive down the costs and environmental impact of ethylene production.  
A study by Ungerer et al. (2012) was able to induce sustained photosynthetic CO2 
conversion to ethylene using a mixture of seawater enriched with nitrogen and phosphorus 
and obtaining a yield of about 6,096 nmol L-1 Day-1. 
2.4.2. Applications of ethylene 
Ethylene is an important compound in both commercial and industrial sectors and 
is used as a precursor of many products used in everyday life.  The most commonly known 
product of ethylene is polyethylene, the foundation of plastics.  Through chemical 
modification of ethylene many products can be made, such as acetic acid, ethylene glycol, 
polyvinyl chloride, polyvinyl alcohol and other assorted chemical derivatives (Chiyoda 
2017).  Ethylene glycol is used in synthesis of polyester fibers and antifreeze, polyvinyl 
chloride is used to produce plastic tubing (commonly referred to as PVC pipe), and 
polyvinyl alcohol is used in papermaking, textiles, and coatings. 
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2.5.  Beet Juice as an attractive feedstock due to its content of fermentable sugars 
Currently the primary feed stock for agricultural-based biofuels is corn.  While 
renewable, corn has some drawbacks, which could lead to development of new substrates 
for use in the industrial market.  The carbon in corn is trapped in the form of lignocellulose 
and starch, which need to be broken down into base components to be utilized by organisms 
or chemical processes to produce the desired compounds such as that of the largest industry, 
ethanol (Hou et al. 2017).  New plant-based substrates are starting to gain popularity which 
can provide readily fermentable sugars without the input of high-energy processes such as 
saccharification and esterification. One such new substrate is commonly referred to as 
energy beets or industrial beets, which have the potential to be directly fed to modified 
organisms to produce high-value compounds. 
Beets are the primary source of US table sugar (USDA-ERS 2018), making them a 
highly valuable crop in the commercial sector. However, with this importance several 
challenges are imposed.  These industrial beets (Beta vulgaris L.) contain a high-water 
content (≈75%) which makes storage and transportation difficult.  Due to the high-water 
content and easily accessible carbon, they are susceptible to molds when kept in storage. 
However a recent study has found a way to maintain the sugar content and reduce the water 
content in B. vulgaris L. for up to 36 weeks before large carbon loss (Figure 2.4) (Vargas-
Ramirez and Wiesenborn 2016).  The stored B. vulgaris L. were kept in plastic-sealed 
containers (Figure 2.3). The carbon composition of B. vulgaris L. is primarily sucrose, 
which makes up about 20% of the weight of the beets, with trace amounts of glucose and 
fructose being around 0.1% (Vargas-Ramirez and Wiesenborn 2016). 
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Figure 2.3 A) Schematic diagram showing the various features of sealed storage units. B) 
Actual storage unit, adapted from Vargas-Ramirez and Wiesenborn (2016). 
Figure 2.4: Industrial sugar retention (mean ± standard deviation of 21 replicates) in beets 
stored for up to 36 wk under aerobic atmosphere. Letters represent group means of a 
Tukey’s studentized range test; means with the same letter are not statistically different 
from each other at α = 0.05. NOTE: Jittering was used on the time axis to prevent 
overlapping standard deviations. Adapted from Vargas-Ramirez and Wiesenborn (2016). 
Although industrial beets are a potentially underutilized feedstock in the production 
of valuable chemicals (McGrath and Townsend 2015), an important factor in utilizing 
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industrial beets in large-scale production would be demonstration that the carbon footprint 
is lower than current production methods.  This aspect had been addressed by Vargas-
Ramirez et al. (2017) in their study, showing that the carbon footprint of industrial beets is 
potentially up to 52% lower than previously reported corn grain, and 29% lower than Beta 
vulgaris L. which had not undergone the storage process to reduce water content and 
concentrate sugars. With a lower carbon footprint, it could potentially be easier to maintain 
production of valuable chemicals using B. vulgaris L. as a substrate under increasing 
government regulations by the United States, and global political pressures to reduce the 
global carbon footprint to combat climate change.  Means to this end have been 
investigated by Isaac et al. (2017) in which lysogeny broth was supplemented with beet 
juice concentrate from B. vulgaris L. to produce the valuable terpenoid limonene, but this 
study showed minimal to no utilization of the sucrose provided by the beet additive. 
2.6.  Escherichia coli strains 
Escherichia coli is a model organism for the scientific community’s understanding 
of genetic manipulation. Traditionally E. coli is a common, usually innocuous species of 
bacteria commonly associated with normal gut microbiota (Souza et al. 1999). There are 
currently several fully sequenced strains which are used to test new genetically engineered 
models for efficacy due to E. coli having a short generation time, typically ranging from 
twenty-three to thirty minutes, allowing for rapid results. These sequenced strains, and 
subsequent derivatives, can be grouped into four categories (K-12, B, C, and W) under the 
Risk Group 1 which is a classification designating the inability to colonize the gut (Bauer 
et al. 2007).  
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2.6.1.  Escherichia coli K-12 
Escherichia coli K-12 strain was one of the first suggested to be sequenced as part 
of the E. coli genome sequencing project.  It was thought that by advancing this field of 
technology, the mechanisms of gene expression and influence of DNA on cellular activity 
would be elucidated, as well as forming a model for manipulating DNA for industrial and 
medical applications (Blattner 1983). The chosen strain to be sequenced as a representative 
strain was MG1655 due to the minimal genetic manipulation, having been cured of its 
bacteriophage and F plasmid DNA through ultraviolet light and acridine orange, and 
history of its use as a laboratory strain (Blattner et al. 1997).  It was also known at the time 
that E. coli K-12 isolates had several mutations in their genome, such as the rfb-50 mutation 
in which an IS5 insertion shuts down the synthesis of the O-antigen of the 
lipopolysaccharide (Liu and Reeves 1994). 
Escherichia coli K-12 became a popular strain in the mid 1940’s for biochemical 
and genetic experiments popularized by Tatum and Lederberg (Daegelen et al. 2009).  The 
K-12 strain was used to make significant advancements in our understanding of genetic 
manipulation in 1946, when it was used by Tatum and Lederberg to discover the process 
of conjugation. They mixed two strains having genetic differences which prevented each 
of them from growing on certain minimal media due to the inability to synthesize different, 
critical amino acids.  Through their experiment it was determined that bacterial conjugation 
takes place at a very low rate, and is able to transfer not only genes for metabolite synthesis 
but also bacteriophage resistance (Lederberg and Tatum 1946). 
More recently the E. coli K-12 strain has been used to elucidate some metabolic 
processes in the species.  This includes the characterization of a pyruvate transporter 
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system, comprised of CstA and YbdD, that is responsible for import of pyruvate into E. 
coli (Hwang et al. 2018).  These two proteins involved in pyruvate metabolism currently 
appear to comprise the constitutively expressed pyruvate transporters rather than the 
previously proposed inducible pyruvate transporters which are thought to serve as a stress 
response (Hwang et al. 2018).  A high influx of pyruvate into the cell disturbs the ratio 
between pyruvate and phosphoenolpyruvate, which induces the expression of ArcA/B 
proteins which are a global two-component system that in turn downregulates the 
expression of genes used in the TCA cycle which uses pyruvate and acetyl-CoA (Förster 
and Gescher 2014). A disruption in metabolism of acetyl-CoA reduces the ability for E. 
coli to synthesize fatty acids which leads to an increase of FtsZ, a primary protein 
responsible for cellular division, compared to cellular growth (Westfall and Levin 2018). 
2.6.2.  Escherichia coli B 
Escherichia coli B, like E. coli K-12, is the subject of many classical genomic 
projects and was used as a model organism for genetic manipulation and genome studies.  
E. coli B strains can be traced back to being first used in France at the Institut Pasteur in 
Paris by d’Herelle to study bacteriophages in 1918 (Daegelen et al. 2009). The strain was 
passed through laboratories in the early 1920’s, making its way to Delbrück and Luria in 
1941 which led to the first published paper designating the strain as Escherichia coli B in 
1942 (Daegelen et al. 2009; Delbrück and Luria 1942). This eventually led to the 
widespread use of the strain to study viruses in the T1-T7 families in the 1940s (Daegelen 
et al. 2009). In 2009 the genomes of two commonly used E. coli B strains, BL21(DE3) and 
REL606, were fully sequenced because of their common use for recombinant protein 
expression and long-term genome evolution experiments, respectively (Jeong et al. 2009).  
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It was found that REL606 and BL21(DE3) strains had very consistent genome composition, 
differing in length by about 72 kb and just over 400 single base-pair mutations, suggesting 
a common ancestry about 67 years ago (Jeong et al. 2009). 
E. coli B has also been used to study metabolic processes to make high-value 
compounds from low-cost substrates.  Several studies have been done specifically utilizing 
the MVA pathway which is non-native to the E. coli family to produce isoprene (Yang et 
al. 2012).  This was accomplished using a mutant E. coli B BL21(DE3) strain (YJM25), 
which contained an isoprene synthase and two plasmids carrying the MVA pathway genes 
from separate organisms (Saccharomyces cereviciae and Enterococcus faecalis) which had 
been modified for optimization in E. coli B. This led to an end yield of 6.3 g/L after 40 
hours using glucose as the primary carbon source (Yang et al. 2012). 
2.6.3.  Escherichia coli C 
Escherichia coli C is a less commonly utilized strain for genetic experiments.  This 
is evident in the current lack of a published work containing the full genome, whereas one 
is available for all the other commonly used E. coli strains (K-12, B, and W) (Copeland et 
al. 2008).  E. coli C is, however, used in some metabolic engineering experiments to 
produce succinate and malate, common ingredients in medicine, lacquers and perfumes 
(Jantama, Zhang, et al. 2008; Jantama, Haupt, et al. 2008).  E. coli C shares many 
physiological and genetic similarities with K-12 and B strains but is less utilized due to the 
K-12 and B strains already being established in metabolic and phage transduction 
experiments, respectively. 
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2.6.4.  Escherichia coli W 
Escherichia coli W is the most recent addition to the genome-sequenced strains of 
commonly utilized E. coli in the lab.  The E. coli W strain (ATCC9637) was recently fully 
sequenced and annotated in 2011 (Archer et al. 2011).  E. coli W was originally an E. coli 
strain discovered by Salman A. Waksman in 1943, from whom the strain retains a “W” in 
its’ name.  The Waksman strain is characterized by its high sensitivity to streptomycin 
compared to other E. coli isolates (Archer et al. 2011).  A derivative strain of E. coli W 
produced by Bernard Davis, E. coli W (ATCC 11105) which is a vitamin B-12 auxotroph, 
is known for producing penicillin G acyclase (Archer et al. 2011).  The most unique trait 
of the E. coli W strain compared to the other sequenced, lab-safe strains, is the inclusion 
of the csc operon which allows for the important utilization of sucrose.  This potentially 
allows for E. coli W to become a prominent member of the class of genetically engineered 
organisms for producing valuable end products, such as ethanol, terpenoids, mixed acids, 
and other biochemical compounds from cheap, renewable substrates.  With further 
advancements in the scientific understanding of metabolic processes and the inclusion of 
new genetic engineering tools, it could become possible to revisit previously non-
efficacious methods of using different organisms, such as E. coli W, to produce desired 
products. 
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Chapter 3: Genetic Engineering of E. coli W (ATCC 9637) to Produce Fragrant 
Linalool Using Beet Juice as the Sole Carbon Source  
Abstract 
Escherichia coli W naturally has the csc operon containing three genes which 
allows for the uptake, breakdown and utilization of sucrose.  The high, readily-fermentable 
sucrose reserve (provided in the form of beet juice concentrate in mineralized water) can 
be converted into high value terpenoids by genetically engineered E. coli W. E. coli W 
(ATCC 9637) was used to produce the monoterpene linalool. This was done by 
transforming E. coli W with a plasmid (pZR1464) containing both a Picea abies linalool 
synthase gene and three rate-limiting enzyme genes in the MEP pathway. The three genes 
are 1-deoxy-d-xylulose-5-phosphate synthase (dxs), IPP/DMAPP isomerase (idi), and GPP 
synthase (gpps). The produced linalool released into the headspace was collected via 
Supelpak 2SV resin column and quantified by GC-MS.  The linalool productivity of 
engineered E. coli W had an average rate 553.47 ± 74.1 nmol L-1 Day-1 across three days 
3.1. Introduction 
Linalool is a monoterpene alcohol with practical applications involving insecticides, 
insect repellents, flavoring, brewing, scents to make certain products more palatable to 
humans, as well as potential future applications in drug synthesis for the treatment of 
cancers and other illnesses (Chang et al. 2015). Due to this wide variety of applications, 
the necessity of finding a method to mass produce this compound cheaply and efficiently 
could have positive economic impacts in both commercial and medical sectors.  Currently 
linalool is extracted primarily from tropical plants during the blooming season from the 
secreted essential oils (Ahmed et al. 2000; Klimankova et al. 2008; Vila et al. 2002). 
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Sections of the commercial industry, such as perfumery, derive most of the linalool used 
in their products (60-80%) synthetically (Bauer, Garbe, and Surburg 1988).  Through 
utilizing a temperature climate crop having a high amount of readily fermentable sugars 
and employing genetically engineered Escherichia coli W (ATCC 9637), a lab-safe, fully 
sequenced, and sucrose-utilizing E. coli strain, it could be possible to find an economically 
viable method to convert these sugars to linalool for manufacturing commercial and 
pharmaceutical goods required to sustain the needs of a growing global population. 
3.2.      Materials and Methods 
 
3.2.1. E. coli W (ATCC9637) Competent Cells 
The procedure required genetically competent cells to be made for subsequent 
transformations with reagents used outlined in Table 3.1.  For this the E. coli W strain 
#4115 was selected, which grew well in mineralized water (BG-11) supplemented with 
nitrogen (20 mM NH4Cl) and 2% sucrose by volume. E. coli W strain #4115 was used to 
inoculate an LB plate and left to grow overnight at 37°C.  One colony was then picked and 
inoculated into 10 mL LB broth in a 125 mL flask and grown again overnight at 37°C.  The 
culture then had 10 mL transferred from it to 1 L LB broth in a 3 L flask and was grown at 
37°C and 280 rpm until the OD600 reached ~0.75, at which point the 1 L of culture was 
divided evenly amongst four pre-chilled 500 mL sterile centrifuge bottles and placed on 
ice for 20 minutes.  The centrifuge bottles were then centrifuged at 2000g, 4°C, for 10 
minutes.  Each of the resulting pellets were resuspended in 15 mL of sterile 0.1 M CaCl2.  
The two pairs of resuspended pellets were poured into separate 50 mL sterile conical tubes 
and again incubated on ice for 30 minutes.  The new pairs of tubes, each containing 30 mL 
culture in 0.1 M CaCl2, were centrifuged at 2000g, 4°C, for 10 minutes.  The supernatant 
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was then removed, and the two pellets were each resuspended in 9 mL of cold 0.1 M CaCl2 
and 15% glycerol.  This suspension of culture was aliquoted into individual, pre-chilled, 
autoclaved 1.5 mL microcentrifuge tubes, with each receiving 120 µL culture, then flash-
frozen in liquid nitrogen and subsequently stored in a -80°C freezer. 
Table 3.1: List of reagents used for preparation of E. coli W (ATCC9637) competent 
cells. 
Reagent Quantity 
LB Broth 1 L 
CaCl2 (1M) 200 mL 
CaCl2 (0.1M) 500 mL 
Glycerol Solution (50%) 100 mL 
CaCl2 (0.1M)+Glycerol (15%) 200 mL 
LB Agar Plate 1 
Liquid Nitrogen N/A 
 
3.2.2. pZR1188 Transformation 
The plasmid pZR1188 (Halfmann, Gu, and Zhou 2014) is a control plasmid 
containing a kanamycin-resistance cassette, and forms the backbone of the two subsequent 
experimental plasmids used in this study, pZR808 and pZR1464.  Plasmid pZR1188 was 
built by cutting out a segment from pZR618 containing a BglII enzyme cut site, T7 
promoter, ribosomal binding site, NdeI enzyme cut site, a multiple cloning site and F2tag 
and a XhoI enzyme cut site ligated to pZR807, and was confirmed by sequencing 
(Halfmann, Gu, and Zhou 2014).  This plasmid was then transformed into E. coli W using 
heat-shock transformation techniques by adding 3 µL pZR1188 to one tube of competent 
E. coli W (ATCC9637) cells and kept on ice for 30 minutes.  The cells were then heat-
shocked at 42°C for 45 seconds and kept on ice again for 5 minutes.  The cells then received 
500 µL LB broth and were incubated at 37°C for 1 hour with 200 rpm shaking.  The cells 
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were then plated onto an LB+Km50 (50 ng/mL) plate by pipetting 100 µL cell culture and 
spreading using a flame-sterilized metal spreader, then incubating the plate overnight. 
Successful transformants of pZR1188 were verified with colony PCR using primers ZR22 
and ZR45 (Table 3.2).  
Table 3.2: List of primers used in cPCR verification of transformed colonies selected 
from LB plates of strains pZR1188, pZR808, and pZR1464. 
Primer Oligonucleotide Sequence (5’→3’) Purpose 
ZR22 AGATCTTGAGTCAGCCCAATAAC cPCR verification of pZR1188 
transformant 
ZR45 CCTCGTAGAACTAGCAAAG cPCR verification of 
pZR1188/pZR808 transformant 
ZR949 GTGCAGACCGCCTTTCTG cPCR verification of pZR1464 
transformant 
ZR1670 GTGAAAGGCTGCAGACAGGA cPCR verification of pZR808 
transformant 
T7 TTAATACGACTCACTATAGGG cPCR verification of pZR1464 
transformant 
 
 
3.2.3. pZR808 Transformation 
The plasmid pZR808 (Zhou and Gibbons 2015) is an experimental plasmid 
modified from pZR1188 by the addition of LinS from Picea abies.  The plasmid was 
constructed by cutting 2.3 kb from pTPSL plasmid using the restriction enzymes AatII and 
BglII and ligated to a portion of pZR807 also cut by AatII and BglII. This plasmid was 
then transformed into E. coli W using heat-shock transformation techniques by adding 3 
µL pZR808 to one tube of competent E. coli W (ATCC9637) cells and kept on ice for 30 
minutes.  The cells were then heat-shocked at 42°C for 45 seconds and kept on ice again 
for 5 minutes.  The cells then received 500 µL LB broth and were incubated at 37°C for 1 
hour at 200 rpm.  The cells were then plated onto an LB+Km50 (50 ng/mL) plate by 
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pipetting 100 µL cell culture and spreading using a flame-sterilized metal spreader, then 
incubated overnight at 37°C.  Successful transformants of pZR808 were verified with 
colony PCR using primers ZR45 and ZR1670 (Table 3.2). 
3.2.4. pZR1464 Transformation 
The plasmid pZR1464 (Halfmann 2017) is another experimental plasmid modified 
from pZR808 through the addition of the dxs operon.  This operon was cloned into 
pZR1464 by digesting pZR1462-7 with XhoI and NotI to obtain a 3,827 bp fragment 
containing dxs-ippHp-gpps that was cloned into a SalI and NotI cut pZR808. This plasmid 
was then transformed into E. coli W using heat-shock transformation techniques described 
above. Successful transformants of pZR1464 were verified with colony PCR using primers 
T7 and ZR949 (Table 3.2). 
3.2.5. Medium Preparation 
A beet juice concentrate (Beta vulgaris L.) at pH 6.3 with 60% solid fraction and 
~60% sucrose by volume was used as a base for media preparation. The target dilution was 
to have a final concentration of 3% sucrose by volume diluted in BG-11 and containing 20 
mM NH4Cl and 50 ng/mL Km50.  This was achieved by making 1470 mL BG-11 (Table 
3.3) in a 2 L flask adjusted to pH 7.1 then, after inverting the beet juice concentrate to mix 
the pellet, adding 100 mL beet juice concentrate to the BG-11 using a 100 mL graduated 
cylinder and pouring back and forth to remove beet juice stuck to the inside of the cylinder.  
The entire solution was then divided between four 500 mL centrifuge bottles and balanced 
prior to centrifuging at 8,000g, 22°C, for 10 minutes.  The medium was then divided 
amongst four autoclaved 500 mL flasks in a laminar flow hood to prevent contamination.  
The flasks were capped using cotton and tin foil and boiled for 15 minutes on a hotplate 
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and allowed to cool to room temperature.  Due to the loss of the solid fraction from 
centrifugation and evaporation during boiling, each flask contained 350 mL of media and 
received 7.5 mL 1 M HEPES buffer, 0.35 mL 50 µg/mL Km50 and 1.625 mL 5M NH4Cl. 
Table 3.3: List of reagents comprising BG-11 solution and Trace Metal Mix used in 
diluting Beet Juice Concentrate. Reagents to make BG-11 were added in order from top 
to bottom. 
Reagent Quantity *Trace Metal 
Contents 
Quantity 
ddH2O 1425.34 mL H3BO3 286 mg 
NaNO3  2.25 g MnCl2·4H2O 181 mg 
K2HPO4 (4 g/50 mL)  0.75 mL ZnSO4·7H2O 22.2 mg 
MgSO4·7H2O (7.5 g/50 mL) 0.75 mL NaMoO4·2H2O 39 mg 
CaCl2·2H2O (3.6 g/50 mL) 0.75 mL CuSO4·5H2O 7.9 mg 
Ferric Ammonium Citrate 
(0.6g/50 mL) 0.75 mL 
Co(NO3)2·6H2O 4.94 mg 
EDTA (0.5g/50 mL) 0.75 mL ddH2O 100 mL 
Citric Acid (0.6g/50 mL) 0.75 mL 
NaCO3 (2g/50 mL) 0.75 mL 
Trace Metal Mix* 1.50 mL 
ddH2O 38.26 mL 
 
3.2.6. Inoculation Method 
The three separate strains of E. coli W (pZR1188, pZR808, and pZR1464) were 
removed from -80°C storage and were inoculated into separate 500 mL autoclaved flasks 
containing 100 mL of the BG-11+3% sucrose+20 mM NH4Cl+ 50 ng/mL Km50 (Beet 
Juice Media) mixture to obtain seed cultures.  Each seed culture was grown for a duration 
of 8 hours to ensure the culture was in the exponential phase, prior to transferring to 100 
mL pre-aliquoted Beet Juice Media in autoclaved 250 mL flasks with wide tops containing 
a rubber stopper with two tubes, one short for attachment of a bead collection column and 
others extending into the media for aeration. The seed culture was transferred to the 250 
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mL flasks by pipetting 1 mL culture to the experimental flask and thoroughly mixing by 
swirling, after which 1 mL was removed for measurement in a spectrometer at OD600 for a 
baseline, time-zero, optical density measurement.  Experimental flasks were then placed in 
an incubator at 37°C and 150 rpm. Each flask was fitted for a collection column and 
attached to a filtered normal-air source set at 100 mL min-1 split amongst all flasks.  The 
collection column and aeration tubes were affixed to the flasks using 0.75-inch rubber 
tubing. 
3.2.7. Linalool Capture 
The linalool produced was captured using a collection column containing Supelpak 
-2SV collection beads.  Each column was cut glass of 1.5 inches in length and loosely 
plugged using autoclaved glass wool.  Collection beads were added to the column by 
weighing 0.11g Supelpak -2SV beads onto a plastic weigh-boat and pouring them into the 
glass column and then plugging using autoclaved glass wool.  The collection columns were 
affixed to the flasks using 0.75-inch rubber tubing.  The flasks were randomly assigned a 
number prior to the start of the experiment, with three flasks being sampled each day. 
Contents were discarded after all relevant samples for measurement were collected, then 
refilled with 100 mL H2O and reinserted into the incubator and reattached to the filtered 
aeration source to maintain even pressure amongst the flasks. 
The glass columns containing collection beads were eluted using pentane 
containing 5 µg/mL tetracosane which serves as an internal standard for the GC-MS 
quantification.  The 5 µg/mL tetracosane dissolved in pentane mixture was made by adding 
2 mg tetracosane to 150 mL pentane and mixing until dissolution then adding 75 mL of the 
13.3 µg/mL tetracosane in pentane mixture to 125 mL pentane, resulting in 200 mL of 5 
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µg/mL tetracosane dissolved in pentane to be kept at -20°C.  The collection beads were 
removed from the column and placed in 1.5 mL microcentrifuge tubes, then 1.2 mL of 5 
µg/mL tetracosane dissolved in pentane was added to ensure more than 500 µL eluted 
linalool could be pipetted into a GC-MS sample vial.  The beads in 1.2 mL of 5 µg/mL 
tetracosane dissolved in pentane were then vortexed at 3000 rpm for one minute and left to 
stand at 25°C for 10 minutes.  The samples were then centrifuged at 8,000g for 2 minutes 
to pellet the beads, and 700 µL supernatant were pipetted into individual GC-MS vials and 
stored at -20°C until all samples were eventually collected. 
3.2.8. GC-MS 
An Agilent GC-MS (7890A/5975C GC System) with a flame ionization detector 
was used in conjunction with the Agilent HP-5MS column (30m×250µm×0.25µm) for 
detection of linalool and the internal standard, tetracosane. One µL of eluted bead sample 
in 5 µg/mL tetracosane in pentane solution was injected with H2 used as the carrier gas.  
The oven temperature started at 60°C for two minutes, then increased at a rate of 20°C/min 
to 300°C then was held for two minutes until the run was completed at 16 minutes.  The 
retention time of linalool was 4.9 minutes while tetracosane eluted at 12.1 minutes. The 
area ratios of linalool and tetracosane vs. linalool concentrations were used to create a 
standard curve for linalool quantification. 
3.2.9. HPLC 
An Agilent HPLC (1220 Infinity II LC System) with a refractive index detector was 
used in conjunction with a Waters Sugar-Pak I HPLC column to determine the sucrose 
concentration in broth cultures of the pZR1464 strain.  A flow rate of 0.5 mL/min was used 
with 50 ppm EDTA as the mobile phase.  The samples were originally prepared by 
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centrifuging 1 mL of culture from experimental flasks at 12,000g for 2 minutes, and the 
supernatant was then passed through a 0.2 µm filter into an HPLC vial.  The concentrations 
of sucrose were determined by comparison against a standard curve at a retention time of 
8 minutes.  A separate HPLC run was conducted using the same Agilent HPLC (1220 
Infinity II LC System) with a refractive index detector in conjunction with an Agilent 
ZORBAX Carbohydrate Analysis column, to compare sucrose concentrations between 
pZR1188 and pZR1464 strains.  Samples for both pZR1188 and pZR1464 were taken from 
the filtered HPLC vials, diluted 4X by adding 200 µL sample to 600 µL ddH2O, and 
desalted by passing through an Agilent Bond Elut AccuCAT column, prior to injection into 
the HPLC.  A flow rate of 1.4 mL/min was used with 75% Acetonitrile in ddH2O as the 
mobile phase.  The concentrations of sucrose were determined by comparison against a 
standard curve with a retention time of 4.7 minutes. 
3.2.10. Dry Mass 
The cell dry-mass of the pZR1464 strain was assayed by transferring 50 mL cell 
culture (after all other samples had been taken) to a 50 mL conical tube and centrifuging at 
7,000g for 10 minutes, then resuspending in 6 mL Beet Juice Media and transferring 
incrementally to the 1.5 mL pre-weighed microcentrifuge tube.  After each transfer, the 1.5 
mL microcentrifuge tube was centrifuged at 12,000g for 2 minutes to pellet the cells and 
to enable removal of the supernatant.  This process was repeated until all 6 mL of culture 
in Beet Juice Media suspension was transferred to the 1.5 mL microcentrifuge tube.  The 
tubes were then wrapped in parafilm with a small hole to allow moisture to evaporate, then 
inserted into a freeze dryer for two days, then reweighed.  
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3.2.11. Growth Curve Generation 
The growth curve was generated by comparing the pZR1188 control strain to the 
pZR1464 experimental strain.  Each strain was inoculated from a -80°C freezer stock into 
100 mL Beet Juice Media seed culture and grown for 8 hours at 37°C and 200 rpm, to 
ensure both were in the exponential phase prior to inoculation of experimental flasks.  After 
the 8-hour seed culture incubation, both seed cultures had 1 mL transferred to three 
experimental 250 mL autoclaved flasks containing 100 mL Beet Juice media closured with 
cotton plugs and tin foil.  At the time of initial inoculation, each flask had 1 mL removed 
for a base OD600 measurement. The flasks were placed in an incubator at 37°C and 200 
rpm and had the OD600 measured every four hours until the stationary phase was reached. 
3.2.12. SDS-PAGE 
The protein samples from the pZR1188 control strain and the pZR1464 
experimental strain for SDS-PAGE were prepared by resuspending the cell pellet collected 
in 50 µL ddH2O and adding 50 µL 2X-SDS, then placed in boiling water for 10 minutes.  
The boiled resuspension was centrifuged at 17,000g for 10 minutes at 4°C then stored at 
4°C.  The two 8% SDS-PAGE gels were made immediately before the run as outlined in 
Table 3.4.  Both gels were run in 1X SDS-PAGE buffer at constant amperage of 40 mA 
for 90 minutes.  
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Table 3.4: List of the reagents used in preparation of the SDS-PAGE gels.  Contents 
listed were used to make two separate 8% gels with accompanying stacking gels. 
8% Separating Gel Stacking Gel 
Reagent Quantity Reagent Quantity 
ddH2O 5.26 mL ddH2O 2.46 mL 
40% (38:2) Acrylamide 
/Bisacrylamide Stock 
1.99 mL 40% (38:2) 
Acrylamide 
/Bisacrylamide Stock 
424 µL 
1.5M Tris-HCl (pH 8.8) 2.49 mL 1.0M Tris-HCl (pH 
6.8) 
438.8 µL 
10% SDS 99.0 µL 10% SDS 33.76 µL 
10% APS 99.0 µL 10% APS 33.76 µL 
TEMED 3.96 µL TEMED 3.38 µL 
 
3.2.12.3. Coomassie Blue Stain 
At the completion of the SDS-PAGE run, one gel was selected and placed in a small 
glass dish with lid filled with 15 mL Coomassie Brilliant Blue R-250 stain and left to gently 
shake at 45 rpm overnight.  The gel was then subjected to three rounds of destaining by 
pouring out the Coomassie Brilliant Blue R-250 stain and adding 15 mL Coomassie 
destaining solution, followed by shaking for 60 minutes.  The solution was repeatedly 
discarded and added until the three rounds were complete.  The gel was then imaged using 
an Epson GT-1500 scanner. 
3.2.12.4. Western Blotting 
The second gel from the SDS-PAGE was used for Western blotting.  The protein 
in the gel was first transferred to a membrane which was pretreated with methanol for one 
minute and rinsed with 1X CAPS buffer.  The gel was laid over the membrane and a roller 
was used to remove any air bubbles and to maximize the contacting area.  The membrane 
and gel were set between two filters and sponges and underwent electrophoresis submersed 
in 1X CAPS buffer at a constant amperage of 200 mA for 60 minutes.  The membrane was 
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then placed in a small glass dish wrapped in aluminum foil to which 15 mL blocking buffer, 
comprised of 0.4% Kroger-Milk powder dissolved in 15 mL of TBS+0.1% Tween-20, and 
left to shake for 60 minutes.  The membrane was then removed and washed three times for 
two minutes in TBS+0.1% Tween-20.  The membrane was then placed in another glass 
dish wrapped in aluminum foil to which 15 mL of TBS+0.1% Tween-20 and 3 µL anti-
pentahistidine HRP conjugated antibody were added, and then incubated at room 
temperature with gentle shaking for 90 minutes.  The membrane was then removed and 
washed again three times for two minutes each with TBS+0.1% Tween-20. 
Chemiluminescent signals were developed by incubating the membrane with 2 mL 
chemiluminescent detection mixture (solution A: solution B at 1 : 1 ratio) for one minute, 
followed by detection with an  Odyssey Fc Imaging System. 
3.3.  Results 
 
3.3.1. Colony PCR Verification of pZR1188, pZR808, and pZR1464 transformants 
Colony PCR verification of E. coli W positive transformants containing pZR1188 
control vector was accomplished using primers ZR45 and ZR22, resulting in a 625 bp band 
(Figure 3.1 Lanes 1-5, 7-9).  Colony PCR verification of E. coli W positive transformants 
containing pZR808 experimental vector with LinS from Picea abies and Km50 resistance 
cassette was accomplished using primers ZR45 and ZR1670, resulting in a 1073 bp band 
(Figure 3.2 Lanes 1,2). Colony PCR verification of E. coli W positive transformants 
containing pZR1464 experimental plasmid containing LinS from Picea abies, dxs operon, 
and Km50 resistance cassette was accomplished by using primers ZR949 and T7 promoter 
primer, resulting in a 2665 bp band (Figure 3.3 Lanes 1-5,7-9). 
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Figure 3.1: PCR of E. coli W colonies transformed with pZR1188 selected from an 
LB+Km50 plate grown overnight at 37°C.  Positive band length of 625 bp was found in 
all selected colonies (Lanes 1-5,7-9) as well as the positive control (Lane 10).  Ladder 
used was 1 kb (Lane 6). 
 
 
 
Figure 3.2: Colony PCR of E. coli W colonies transformed with pZR808 selected from an 
LB+Km50 plate grown overnight at 37°C.  Two positive colonies (Lanes 1 and 2) have 
expected band length of 1073 bp as shown in the positive control (Lane 10). Ladder used 
was homemade (Lane 6). 
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Figure 3.3: Colony PCR of E. coli W colonies transformed with pZR1464 selected from 
an LB+Km50 plate grown overnight at 37°C.  Positive band length of 2665 bp was found 
in all selected colonies (Lanes 1-5,7-9) as well as the positive control (Lane 10). Ladder 
used was 1 kb (Lane 6). 
 
3.3.2. Protein Expression 
Expression of the LinS gene from Picea abies was confirmed using Western blot 
techniques. It was present in the pZR1464 strain (Figure 3.4 Lanes 3, 4, and 5) and absent 
in the pZR1188 strain (Figure 3.4 Lane 2).  This indicates that the pZR1464 strain was 
produce the LinS protein throughout the trial, with no strong indicator of reduced 
expression due to the band strength in Lane 5 of Figure 3.10 compared to Lanes 3 and 4.  
Equal amounts of protein were loaded into each well as indicated by the Coomassie stain 
gel (Figure 3.4). 
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Figure 3.4: LinS expression in E. coli W bearing pZR1464 plasmid monitored by Western 
blot. (A) Escherichia coli W Western blot of both pZR1188 control strain and pZR1464 
LinS containing experimental strain. (A1) NEB Colorplus Prestained Protein Ladder, 
(A2) 10 µL pZR1188 control, (A3) 10 µL pZR1464 24 h, (A4) 10 µL pZR1464 48 h, 
(A5) 10 µL pZR1464 72 h. (B): Escherichia coli W Coomassie blue R-250 stain, (B1) 
NEB Colorplus Prestained Protein Ladder, (B2) 15 µL pZR1188 control, (B3) 15 µL 
pZR1464 24 h, (B4) 15 µL pZR1464 48 h, (B5) 15 µL pZR1464 72 h. Anti-
pentahistadine antibodies were used for detection of protein bands.  Picture of ladder was 
taken separately and superimposed over chemiluminescent image. 
 
3.3.3. Linalool Production 
Linalool production studies were focused on the pZR1464 strain, due to the absence of 
a strong peak in the pZR808 strain (Figure 3.5).  Two separate experiments were completed, 
one lasting 24-hours with a measurement in the exponential phase (7 hours) and the other 
lasting 72 hours, where linalool production started during the exponential phase of bacterial 
growth (producing 22.50 ± 6.10 nmols) and continued through the stationary phase (Figure 
3.5).  The engineered E. coli W was able to produce linalool continually throughout the 
three-day trial but greatly diminished in total amount per amount of time investment (Table 
3.5).  The highest point of efficiency of sucrose conversion to linalool production per unit 
of time was observed to be at the 48-hour mark, with 94.34 ± 73.05 nmols linalool produced 
A   1    2     3      4      5     B   1     2      3      4      5 
58kDa 
46kDa 
30kDa 
23kDa 
33 
 
Figure 3.5: A combination chart of two separate trials representing linalool production of 
E. coli W bearing pZR1464 plasmid in 100 mL Beet Juice Media, one spanning from 0-
24 hours measured at the 7-hour mark and again at 24 hours, and the second spanning 
from 0 to 72 hours with a measurement every 24-hours.  Error bars represent the standard 
error of the mean of three replicates. 
 
Table 3.5: Linalool production (nmols) of pZR1464 strain displayed in Figure 3.5. 
 
 
Table 3.6: Linalool production compared to sucrose consumption (µmol/mol) presented 
in Figure 3.7. 
Time (hours) Linalool Produced to Sucrose Consumed (µmol/mol) 
0-24 27.28 ± 15.84 
25-48 94.34 ± 73.05 
49-72 68.22 ± 132.22 
 
 
Time (hours) Linalool Production (nmol) 
7 22.50 ± 6.10 
24 51.99 ± 14.52 
48 90.12 ± 26.48 
72 141.60 ± 42.19 
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Figure 3.6 Identification of linalool produced by E. coli W bearing linalool synthase gene 
and/or DXP operon. A. GC-MS chromatograph of the volatile metabolites captured by 
2SV resin from E. coli W bearing pZR1188; B. GC-MS chromatograph of the volatile 
metabolites captured by 2SV resin from E. coli W bearing pZR808; C.  GC-MS 
chromatograph of the volatile metabolites captured by 2SV resin from E. coli W bearing 
pZR1464. A peak at the retention time of 5.157 minutes (black arrowed) found in E. coli 
W matches the linalool standard (D). The insert graphs of c and d were mass spectra of 
the 5.167 min peaks displaying the fragmentation pattern for linalool.  Five μg/ml 
tetracosane serves as an internal standard (IS, blue arrow). 
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Figure 3.7: Linalool production of E. coli W bearing pZR1464 plasmid between 0-24 
hours, 25-48 hours, and 49-72 hours represented as µmol linalool produced per mole 
sucrose consumed.  Error bars represent standard error of the mean of three replicates. 
per mol sucrose consumed compared to the 0-24-hour and 49-72-hour time points (Figure 
3.7 & Table 3.6).   
3.3.4. Sucrose Utilization 
The sucrose utilization of the pZR1464 strain showed a stark decrease in sucrose 
concentration within the first 24 hours (almost 15 mM), then a steady decline every 24-
hour increment afterwards (Figure 3.8 & Table 3.7). The sucrose utilization of the 
pZR1464 strain, when compared when compared to the non-producing control strain 
pZR1188, showed almost twice the consumption by the linalool-producing pZR1464 strain 
after being normalized for the starting concentrations (Figure 3.9 & Table 3.8).   
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Figure 3.8: Sucrose concentration in the media of linalool producing pZR1464 strain 
measured every 24 hours after inoculation with time zero corresponding to uninoculated 
media prior to the addition of pZR1464 strain.  Error bars show standard error of the 
mean of three replicates. 
 
 
Figure 3.9: Sucrose concentration in the media of linalool-producing pZR1464 compared 
to control plasmid pZR1188 measured at 0 hour and 72 hours.  Error bars represent 
standard error of the mean of three replicates. 
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Table 3.7: Sucrose concentration in media of pZR1464 E. coli W strain measured every 
24 hours with time zero corresponding to uninoculated media prior to the addition of 
pZR1464 strain. Values are also represented in Figure 3.6 and error shown is the standard 
error of the mean of three replicates. 
Time (hours) Sucrose (mM) 
0 129.57 ± 0.16 
24 115.15 ± 0.42 
48 110.79 ± 1.30 
72 104.42 ± 2.78 
 
Table 3.8: Sucrose concentration of pZR1188 and pZR1464 E. coli W strains measured 
once at 72-hours with time zero corresponding to the uninoculated media prior to the 
addition of pZR1464 and pZR1188 strains. Corrected consumption data of sucrose 
represent the difference of sucrose between 0 hours and 72 hours after adjusting the start 
concentration of pZR1188 to match pZR1464 samples. Data are also represented in 
Figure 3.7 with the error shown being the standard error of the mean of three replicates. 
 Sucrose (mM) Corrected Consumption of Sucrose (mM) 
Time (hr) pZR1188 pZR1464 pZR1188 pZR1464 
0 76.40 ± 2.77 95.14 ± 1.41 N/A N/A 
72 69.60 ± 1.02 76.10 ± 4.91 8.47 ± 4.88 19.04 ± 1.99 
 
3.3.5. Growth Curve 
Both E. coli W strains pZR1464 and pZR1188 had very similar growth curves.  The 
most rapid growth for both strains occurs in the first 8 hours then steadily increased until 
reaching stationary phase between 24-hours and 28-hours (Figure 3.10 & Table 3.9). 
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Figure 3.10: Growth curve of both pZR1464 and pZR1188 strains measured every four 
hours for a 28-hour duration.  Error bars representing standard error of the mean of three 
replicates are present but too small to be clearly seen under the data-point indicators. 
Table 3.9: OD600 of pZR1188 and pZR1464 E. coli W strains grown in 100mL Beet Juice 
Media for 28 hours and measured every four hours.  Time zero measurement corresponds 
to OD600 of media after 1mL of seed culture was added and thoroughly mixed.  Values 
representing error are the standard error of the mean of three replicates rounded to the 
nearest hundredth. Values are also represented in Figure 3.10. 
 
 
 
 
3.4.Discussion 
Genetically engineered E. coli W containing a linalool synthase gene is a potential 
candidate for alternative linalool production by utilizing sucrose as the sole carbon source 
provided by renewable, plant-based sources. Due to the lower production of linalool in the 
pZR808 strain compared to the pZR1464 strain, the pZR1464 strain was chosen for this 
 OD600 in a 10mm cuvette 
Time (hours) pZR1188 pZR1464 
0 0.02 ± 0.00 0.05 ± 0.01 
4 0.68 ± 0.01 0.76 ± 0.01 
8 1.10 ± 0.01 1.17 ± 0.01 
12 1.22 ± 0.01 1.23 ± 0.01 
16 1.32 ± 0.01 1.30 ± 0.02 
20 1.41 ± 0.01 1.41 ± 0.02 
24 1.51 ± 0.01 1.54 ± 0.01 
28 1.54 ± 0.01 1.59 ± 0.01 
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study (Figure 3.6). The pZR1464 plasmid contains both the LinS gene and dxs operon, 
which allowing for over-expression of rate-limiting enzymes in the MEP pathway. The E. 
coli W bearing the pZR1464 plasmid increased the overall linalool production between 3-
fold and 4-fold, compared to the pZR808 transformant containing only the LinS gene from 
Picea abies. Although the pZR1464 strain was using more total carbon compared to the 
control pZR1188 strain (Figure 3.9), it showed no negative effect on the growth rate or the 
onset of stationary phase in the media (Figure 3.10).  A substantial portion of sucrose (≈
1.44 mmol) was utilized immediately by the pZR1464 strain during the first 24-hour period, 
due to a large requirement of carbon to generate cell mass.  Due to this, the efficiency of 
sucrose conversion to linalool was very low (27.28 ± 15.84 nmol Linalool/mol Sucrose) in 
the first day then increased between 3 and 4-fold at the 48-hour time point (Figure 3.7).  
This measurement was consistent with preliminary trials indicating that the second and 
third days were the most optimal times for sucrose to linalool conversion, with declines in 
production rate each subsequent day (Figure 3.7).  Declines in production do not seem to 
be in direct relation to LinS expression in the cell, as the protein expression was equal 
across each 24-hour increment until 72 hours (Figure 3.4).  The raw linalool production 
has much room for improvement through the incorporation of non-native pathways, such 
as the MVA pathway, which are primarily used in plants for synthesis of terpenoids.  
Through co-transformation of a plasmid containing the MVA pathway genes and a separate 
linalool synthase derived from Streptomyces clavuligerus, it could be possible to increase 
production up to 300-fold (Karuppiah et al. 2017). 
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Chapter 4: Genetically Engineering E coli. W (ATCC 9637) to produce Ethylene 
from Beet Juice  
Abstract 
 
Escherichia coli W is currently the only fully sequenced, lab-safe strain of E. coli 
that can uptake and utilize sucrose as the sole carbon source due to the presence of the csc 
operon.  This organism in conjunction with a high, readily-fermentable sucrose reserve 
(provided in the form of beet juice concentrate in mineralized water) can convert sucrose 
into high-value compounds such as ethylene.  E. coli W (ATCC9637) was used to produce 
ethylene in sealed flasks with beet juice as the sole carbon source. The produced ethylene 
was quantified by GC-MS. This has been done by transforming E. coli W with a plasmid 
(pZR1429) containing the ethylene forming enzyme (efe) from Pseudomonas syringae 
glycinea and comparing yield to a control strain (pZR1188) which contains a plasmid 
vector that is the backbone of pZR1429.  The pZR1429 strain containing the efe gene was 
able to produce ethylene much sooner than the pZR1188 strain.  In the sixth hour of 
incubation, the pZR1429 strain started producing ethylene whereas the pZR1188 control 
strain did not. By the ninth hour, the pZR1429 strain produce 3 to 4-fold more ethylene 
than that of control pZR1188 strain. The pZR1429 strain also showed the highest efficiency 
of converting sucrose to ethylene after 9 hours of incubation producing 20.42 ± 5.02 nmols 
ethylene/mol sucrose consumed. However, there was no significant difference in total 
ethylene yield between the two strains after 12-hour incubation.  We conclude that the 
ethylene forming enzyme gene was expressed and is functional in E. coli W and that E. 
coli W possesses a native ethylene synthesis pathway which can be turned on in certain 
cell density, usually after 9-hour incubation (OD6000.77). 
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4.1.  Introduction 
Ethylene is the simplest alkene and is a volatile compound that readily evaporates 
into a gaseous state.  Ethylene is generally most associated technologically with 
polyethylene, a primary form of plastic used widely in the industrial and commercial 
sectors.  Ethylene is also an important plant hormone used for signaling within the plant 
and is utilized in the agricultural sector to induce ripening in fruits before they are sold 
(Theologis 1992).  Of the amount of ethylene emitted into the environment, 74% is from 
natural sources and 26% is man-made (Sawada and Totsuka 1986).  The necessity of 
ethylene to produce derivatives which the general population requires is continually 
increasing, especially as quality of life and the demand and availability of those products 
become more widespread.  Ethylene can be converted into ethylene glycol for 
manufacturing of polyester fibers and antifreeze, α-olefin for uses in conjunction with 
polyethylene in plastic production, acetyl-aldehyde for conversion to acetic acids, and 
polyvinyl acetate for use in adhesives.  As the applications grow, it becomes more 
necessary to find methods of producing ethylene both cheaply and efficiently from 
renewable sources to sustain the needs of a growing population. 
4.2. Materials and Methods 
 
4.2.1. E. coli W (ATCC9637) Competent Cells 
The procedure required genetically competent cells to be made for subsequent 
transformations with reagents used outlined in Table 4.1.  For this the E. coli W strain 
#4115 was selected, which grew well in mineralized water (BG-11) supplemented with 
nitrogen (20 mM NH4Cl) and 2% sucrose by volume. E. coli W strain #4115 was used to 
inoculate an LB plate and left to grow overnight at 37°C.  One colony was then picked and 
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inoculated into 10 mL LB broth in a 125 mL flask and grown again overnight at 37°C.  The 
culture then had 10 mL transferred from it to 1 L LB broth in a 3 L flask and was grown at 
37°C and 280 rpm until the OD600 reached ~0.75, at which point the 1 L of culture was 
divided evenly amongst four pre-chilled 500 mL sterile centrifuge bottles and placed on 
ice for 20 minutes.  The centrifuge bottles were then centrifuged at 2000g, 4°C, for 10 
minutes.  Each of the resulting pellets were resuspended in 15 mL of sterile 0.1 M CaCl2.  
The two pairs of resuspended pellets were poured into separate 50 mL sterile conical tubes 
and again incubated on ice for 30 minutes.  The new pairs of tubes, each containing 30 mL 
culture in 0.1 M CaCl2, were centrifuged at 2000g, 4°C, for 10 minutes.  The supernatant 
was then removed, and the two pellets were each resuspended in 9 mL of cold 0.1 M CaCl2 
and 15% glycerol.  This suspension of culture was aliquoted into individual, pre-chilled, 
autoclaved 1.5 mL microcentrifuge tubes, with each receiving 120 µL culture, then flash-
frozen in liquid nitrogen and subsequently stored in a -80°C freezer.  
Table 4.1: List of reagents used for preparation of E. coli W (ATCC9637) competent 
cells. 
Reagent Quantity 
LB Broth 1 L 
CaCl2 (1M) 200 mL 
CaCl2 (0.1M) 500 mL 
Glycerol Solution (50%) 100 mL 
CaCl2 (0.1M)+Glycerol (15%) 200 mL 
LB Agar Plate 1 
Liquid Nitrogen N/A 
4.2.2. pZR1188 Transformation 
The plasmid pZR1188 (Halfmann, Gu, and Zhou 2014) is a control plasmid 
containing a kanamycin-resistance cassette, and forms the backbone of the experimental 
plasmid used in this study, pZR1429.  Plasmid pZR1188 was built by cutting out a segment 
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from pZR618 containing a BglII enzyme cut site, T7 promoter, ribosomal binding site, 
NdeI enzyme cut site, a multiple cloning site and F2tag and a XhoI enzyme cut site ligated 
to pZR807, and was confirmed by sequencing (Halfmann, Gu, and Zhou 2014).  This 
plasmid was then transformed into E. coli W using heat-shock transformation techniques 
by adding 3 µL pZR1188 to one tube of competent E. coli W (ATCC9637) cells and kept 
on ice for 30 minutes.  The cells were then heat-shocked at 42°C for 45 seconds and kept 
on ice again for 5 minutes.  The cells then received 500 µL LB broth and were incubated 
at 37°C for 1 hour with 200 rpm shaking.  The cells were then plated onto an LB+Km50 
(50 ng/mL) plate by pipetting 100 µL cell culture and spreading using a flame-sterilized 
metal spreader, then incubating the plate overnight. Successful transformants of pZR1188 
were verified with colony PCR using primers ZR22 and ZR45 (Table 4.2). 
4.2.3. pZR1429 Transformation 
The plasmid pZR1188 is a control plasmid containing a kanamycin resistance 
cassette and is used as the backbone of the experimental pZR1429 plasmid containing the 
ethylene forming enzyme gene (efe) from Pseudomonas syringae glycinea.  This plasmid 
was built by cutting out BglII-efe-SalI from pZR1428-1 and cloning into BglII-SalI 
digested pZR1188.  This plasmid was then transformed into E. coli W using heat-shock 
transformation techniques by adding 3 µL pZR1429 to one tube of competent E. coli W 
(ATCC9637) cells and kept on ice for 30 minutes.  The cells were then heat-shocked at 
42°C for 45 seconds and kept on ice again for 5 minutes.  The cells then received 500 µL 
LB broth and were incubated at 37°C for 1 hour at 200 rpm.  The cells were then plated 
onto an LB+Km50 (50 ng/mL) plate by pipetting 100 µL cell culture and spreading using 
a flame-sterilized metal spreader, then incubated overnight at 37°C. Successful 
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transformants of pZR1188 were verified with colony PCR using primers ZR791 and 
ZR792 (Table 4.2).  
Table 4.2: List of primers used in cPCR verification of transformed colonies selected 
from LB plates of strains pZR1188 and pZR1429. 
Primer Oligonucleotide Sequence (5’ → 3’) Purpose 
ZR22 AGATCTTGAGTCAGCCCAATAAC cPCR 
verification 
of pZR1188 
ZR45 CCTCGTAGAACTAGCAAAG 
ZR791 TCTCGAGTAAGGAGAGATCTATATGACCAATTTGCA-
AACTTTTG 
cPCR 
verification 
of pZR1429 
ZR792 ACTAGTCGACATGATGATGATGATGATGGCTACCAG-
TAGCGCGGGTGTCAC 
 
4.2.4. Medium Preparation 
The beet juice concentrate (Beta vulgaris L.) was pH 6.3 with 60% solid fraction.  
The medium was prepared such that it would have either of two different final 
concentrations of sucrose, 3.7% and 7.4% by volume, diluted in BG-11 and containing 
20mM NH4Cl and 50 ng/mL Km50 (Table 4.3).  First the BG-11 was prepared, then the 
beet-juice concentrate was thoroughly mixed by shaking to resuspend the pellet forming at 
the bottom of the jar.  The beet juice was poured into a 100 mL graduated cylinder and then 
poured into the autoclaved 1L flask containing BG-11 without HEPES buffer.  The solution 
was passed back-and-forth between the 1L flask and 100 mL graduated cylinder to ensure 
the medium received the desired amount of beet juice concentrate.  The BG-11+beet juice 
concentrate was then divided evenly amongst 500 mL centrifuge bottles with caps to 
prevent leaking.  The 500 mL centrifuge bottles were then centrifuged at 8,000g, 22°C, 
for 10 minutes.  The supernatant was then poured into pre-autoclaved 500 mL flasks and 
capped using cotton and aluminum foil, then gently boiled for 15 minutes.  The flasks were 
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then allowed to cool to room temperature (25°C) then received 5.6 mL 1M HEPES buffer, 
1.2 mL 5M NH4Cl, and 0.3 mL 50 µg/mL Km50 (Table 4.3).  
Table 4.3: List of reagents comprising BG-11 solution and Trace Metal Mix used in 
diluting Beet Juice Concentrate to 3.7% and 7.4% by volume. Reagents to make BG-11 
were added in order from top to bottom. 
3.7% Sucrose 7.4% Sucrose *Trace Metal Contents 
Reagent Quantity Reagent Quantity Reagent Quantity 
ddH2O 
266.29 
mL ddH2O 
248.71 
mL 
H3BO3 286 mg 
NaNO3  0.42 g NaNO3  0.39 g MnCl2·4H2O 181 mg 
K2HPO4 (4 
g/50 mL)  0.14 mL 
K2HPO4 
(4g/50mL)  0.13 mL 
ZnSO4·7H2O 22.2mg 
MgSO4·7H2O 
(7.5 g/50 mL) 0.14 mL 
MgSO4·7H2O 
(7.5 g/50 mL) 0.13 mL 
NaMoO4·2H2O 39 mg 
CaCl2·2H2O 
(3.6 g/50 mL) 0.14 mL 
CaCl2·2H2O 
(3.6 g/50 mL) 0.13 mL 
CuSO4·5H2O 7.9 mg 
Ferric 
Ammonium 
Citrate (0.6 
g/50 mL) 0.14 mL 
Ferric 
Ammonium 
Citrate (0.6 
g/50 mL) 0.13 mL 
Co(NO3)2·6H2O 4.94 mg 
EDTA (0.5 
g/50 mL) 0.14 mL 
EDTA (0.5 
g/50 mL) 0.13 mL 
ddH2O 100 mL 
Citric Acid 
(0.6 g/50 mL) 0.14 mL 
Citric Acid 
(0.6 g/50 mL) 0.13 mL 
NaCO3 (2 g/50 
mL) 0.14 mL 
NaCO3 (2 g/50 
mL) 0.13 mL 
Trace Metal 
Mix* 0.28 mL 
Trace Metal 
Mix* 0.26 mL 
ddH2O 7.15 mL ddH2O 6.68 mL 
Beet Juice 
Concentrate 18.5 mL 
Beet Juice 
Concentrate 
 
37 mL 
 
4.2.5. Inoculation Method 
The two strains of E. coli W (pZR1188 and pZR1429) were removed from -80ºC 
storage and were inoculated into four separate 500 mL autoclaved flasks, two containing 
100 mL of the BG-11+3.7% sucrose+20mM NH4Cl+50ng/mL Km50, and the other two 
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containing 100 mL of BG-11+7.4% sucrose+20mM NH4Cl+50ng/mL Km50 mixture to 
obtain seed cultures.  Each seed culture was grown for a duration of 8 hours to ensure the 
culture was in the exponential phase, prior to transferring to 25 mL pre-aliquoted Beet Juice 
Media in autoclaved 60 mL air-tight flasks. The seed culture was transferred to the 60 mL 
flasks by pipetting 0.2 mL culture to the experimental flask, and thoroughly mixing by 
swirling, after which 0.2 mL was removed for measurement in a spectrometer at OD600 
using a Nuclon Flat Bottom 96-well plate measured in a BioTek Synergy 2 plate reader, 
shaken for four seconds, for a baseline, time-zero, optical density measurement.  The flasks 
were then placed in a shaking incubator at 37ºC at 200 rpm. 
4.2.6. GC-MS 
Measurements of ethylene production were made using an Agilent GC-MS 
(7890A/5975C) System. One ml headspace sample was injected with Pulsed Split mode at 
10:1 ratio. The volatile compounds were separated by CP 7348 column (Agilent 
PoraBOND Q 25 m x 250 µm x 3 µm) at a flow rate of 0.8 mL/min using hydrogen as a 
carrier gas. The GC program was initiated at 32⁰C, and held for 3.4 min, ramped at 110⁰C 
to reach 200⁰C, and then held for additional 1 min. The scanning mass range of MSD was 
between 10 to 100 m/z. The sample was administered via a 1 mL GSV Loop to the GC-
MS by using a syringe to remove 5 mL of headspace from the 60 mL culture bottle and 
directly injecting into the GC-MS. To alleviate the vacuum in the flask, 5 mL of normal-
air was injected back into the 60 mL bottle. 
4.2.7. HPLC 
An Agilent HPLC (1220 Infinity II LC System) with a refractive index detector was 
used in conjunction with the Agilent ZORBAX Carbohydrate Analysis HPLC column to 
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determine the sucrose concentration in broth media of the pZR1429 and pZR1188 strains.  
A flow rate of 1.4 mL/min was used with a 75% solution of Acetonitrile in ddH2O as the 
mobile phase.  The samples were originally prepared by centrifuging 1 mL of culture from 
experimental flasks at 12,000g for 2 minutes and extracting the supernatant, then passing 
it through a 0.2 µm filter into an HPLC vial.  Samples for both pZR1188 and pZR1464 
were taken from the filtered HPLC vials, diluted 4X by adding 200 µL sample to 600 µL 
ddH2O, and desalted by passing through an Agilent Bond Elut AccuCAT column, prior to 
injection into the HPLC. The concentrations of sucrose were determined by comparison 
against a standard curve with a retention time of 4.7 minutes. 
4.2.8. Growth Curve Generation 
The growth curve was generated using a Nuclon Flat Bottom 96-well plate analyzed 
in a BioTek Synergy 2 plate reader.  Samples of 0.2 mL were extracted from the 35 mL 
culture in the 60 mL air-tight flasks using a syringe and aliquoted into a well.  Three 
aliquots each of 0.2 mL media of BG-11+3.7% sucrose+20 mM NH4Cl+50 ng/mL Km50 
and BG-11+7.4% sucrose+20 mM NH4Cl+50 ng/mL Km50 were also placed in the 96-
well plate to serve as a blank.  The plate was shaken on medium setting for four seconds 
and read at 600 nm.  Readings were compared against the proper blank with the time zero 
values being artificially set to zero.  This process was applied to two separate trials, one 
with both media types and plasmids measured every 24 hours for 72 hours, and the other 
trial of just the 7.4% Beet Juice media variant measured every three hours until twelve 
hours, then at 24, 48, and 72 hours. 
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4.2.9. SDS PAGE 
The protein samples from pZR1188 control strain and pZR1464 experimental strain 
for SDS-PAGE were prepared by resuspending the collected cell pellet of 1.0 ml culture in 
50 µL ddH2O and adding 50 µL 2X-SDS and then placing in boiling water for 10 minutes.  
The boiled resuspension was centrifuged at 17,000g for 10 minutes at 4°C then stored at 
4°C.  Two Bio-Rad precast gels (12%) were run in 1X SDS-PAGE buffer at constant 
amperage of 40 mA for 90 minutes. 
4.2.9.1. Coomassie Blue stain 
At the completion of the SDS-PAGE run, one gel was placed in a small glass dish 
with lid filled with 15 mL Coomassie Brilliant Blue R-250 stain and left to gently shake 
overnight.  The gel was then subjected to three rounds of destaining by pouring out the 
Coomassie Brilliant Blue R-250 stain and adding 15 mL Coomassie destaining solution, 
and then shaking it for 60 minutes.  The solution was repeatedly discarded and added until 
the three rounds were completed.  The gel was then imaged using an Epson GT-1500 
scanner. 
4.2.9.2. Western Blotting 
The second gel from the SDS-PAGE was used for Western blotting.  The protein 
in the gel was first transferred to a membrane which was pretreated with methanol for one 
minute and rinsed with 1X CAPS buffer.  The gel was laid over the membrane and a roller 
was used to remove any air bubbles and to maximize the contacting area.  The membrane 
and gel were set between two filters and sponges and underwent electrophoresis submersed 
in 1X CAPS buffer at a constant amperage of 200 mA for 60 minutes.  The membrane was 
then placed in a small glass dish wrapped in aluminum foil to which 15 mL blocking buffer, 
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comprised of 0.4% Kroger-Milk powder dissolved in 15 mL of TBS+0.1% Tween-20, was 
added and left to shake for 60 minutes.  The membrane was then removed and washed 
three times for two minutes in TBS+0.1% Tween-20.  The membrane was then placed in 
another glass dish wrapped in aluminum foil to which 15 mL of TBS+0.1% Tween-20 and 
3 µL anti-FLAG antibody (Sigma Aldrich) were added and left to incubate at room 
temperature with gentle shaking for 60 minutes.  The membrane was then removed and 
washed again three times for two minutes each with TBS+0.1% Tween-20. The resulting 
membrane was imaged using the Odyssey Fc imager under the chemi-filter after allowing 
the membrane to incubate in a mixture of 1 mL Western blot solution A and 1 mL Western 
blot solution B for one minute. 
4.3.  Results 
 
4.3.1. Colony PCR Verification of pZR1188 and pZR1429 
Colony PCR verification of E. coli W (ATCC9637) containing pZR1188 was 
accomplished by using primers ZR22 and ZR45 to generate a 625 bp band (Figure 4.1 
Lanes 1-5,7-9).  Colony PCR verification of E. coli W (ATCC9637) containing pZR1429 
was accomplished using primers ZR791 and ZR792 to generate a 1100 bp band (Figure 4.2 
Lanes 2-9).  
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Figure 4.1: Colony PCR of E. coli W colonies transformed with pZR1188 selected from 
an LB+Km50 plate grown overnight at 37°C.  Positive band length of 625 bp was found 
in all selected colonies (Lanes 1-5,7-9) as well as the positive control (Lane 10).  Ladder 
used was 1 kb (Lane 6). 
 
 
 
Figure 4.2: Colony PCR of E. coli W colonies transformed with pZR1429 selected from 
an LB+Km50 plate grown overnight at 37°C.  Positive band length of 1100 bp was found 
in all selected colonies (Lanes 2-9) as well as the positive control (Lane 10).  The ladder 
used was a NEB 1 kb ladder (Lane 1). 
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4.3.2. Protein Expression 
Expression of the efe gene from Pseudomonas syringae glycinea was confirmed 
using Western blot techniques and was present in the pZR1429 strain and absent in the 
pZR1188 strain, as indicated by a band of 39.7kDa. However, expression seemed to 
decrease after 3 hours in the positive strain (Figure 4.3).  Equal amounts of protein were 
loaded into each well as indicated by the Coomassie stained gel (Figure 4.4).  Both the 
pZR1188 and pZR1429 strains demonstrated non-specific banding with greater intensity 
in the pZR1429 strain (Figure 4.3). 
Figure 4.3: Western Blot of pZR1188 and pZR1429 at 3, 6, and 9 hours. LD: NEB 
Colorplus Prestained Protein Ladder, Lane 1: 1188-3h, Lane 2: 1429-3h, Lane3:  1188-
6h, Lane 4: 1429-6h, Lane 5: 1188-9h, Lane6: 1429-9h, Lane 7: 1188-3h, Lane8:  1429-
3h, Lane 9: 1188-6h, Lane 10: 1429-6h, Lane 11: 1188-9h, Lane 12: 1429-9h, Lane 
13:1188-6h, Lane 14: 1429-6h. 
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Figure 4.4:  Coomassie Blue R-250 stain of pZR1188 and pZR1429 at 3, 6, and 9 hours. 
LD: NEB Colorplus Prestained Protein Ladder, Lane 1: 1188-3h, Lane 2: 1429-3h, 
Lane3:  1188-6h, Lane 4: 1429-6h, Lane 5: 1188-9h, Lane6: 1429-9h, Lane 7: 1188-3h, 
Lane8:  1429-3h. 
 
4.3.3. Ethylene Production 
The pZR1429 strain containing EFE was able to produce ethylene as confirmed by 
GC-MS when compared to a 5 ppm C2H4 standard (Figure 4.5). The retention time of 
ethylene was about 3.59 minutes, confirmed twice due to the overlaying of pZR1429 peaks 
in 3.7% and 7.4% Beet Juice Concentrate media as well as the spectrum scan between 
pZR1429 and the ethylene standard (Figure 4.5).  The pZR1429 strain is also able to 
produce ethylene earlier than the pZR1188 control strain, starting at three hours of 
incubation with the control strain matching and then surpassing production after the 12-
hour mark in 7.4% Beet Juice Concentrate (Figure 4.6 & 4.9).  In both the 3.7% and 7.4% 
Beet Juice Concentrate media, pZR1188 produced more overall ethylene than the pZR1429 
strain (Figure 4.6 & 4.7).  
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Figure 4.5: Ethylene production from E. coli W bearing the plasmid pZR1429 grown in 
7.4% beet juice.  (A) Ethylene standard peak at 3.59 min was overlapped with a peak 
detected in E. coli W bearing the plasmid pZR1429 after 48-hour incubation with 7.4% 
beet juice. (B) Spectrum scan of the peak detected in E. coli W bearing the plasmid 
pZR1429. (C) Spectrum scan of ethylene standard peak at 3.59 min. 
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Figure 4.6: Ethylene concentration in headspace of vial of pZR1188 and pZR1429 strains 
grown in 7.4% Beet Juice Concentrate.  Error bars show standard error of the mean of three 
replicates. 
Table 4.4: Ethylene concentration in the headspace of vial of pZR1188 and pZR1429 
strains grown in 7.4% Beet Juice Concentrate. Error shown constitutes the standard error 
of the mean of three replicates.  Values are also represented in Figure 4.6. 
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 Ethylene Concentration (nmol/vial) 
Time (hours) pZR1188 pZR1429 
0 0 0 
3 0 0 
6 0 2.49 ± 0.53 
9 1.94 ± 0.61 8.21 ± 0.56 
12 9.61 ± 0.33 10.86 ± 0.18 
24 17.66 ± 0.26 15.81 ± 0.44 
48 19.45 ± 0.35 16.56 ± 1.57 
72 20.50 ± 0.72 18.98 ± 0.41 
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Figure 4.7: Ethylene concentrate in headspace of vial of pZR1188 and pZR1429 strains 
grown in 3.7% Beet Juice Concentrate.  Error bars show standard error of the mean of 
three replicates. 
Table 4.5: Ethylene concentration in headspace of vial of pZR1188 and pZR1429 strains 
grown in 3.7% Beet Juice Concentrate.  Values shown are also present in Figure 4.7.  The 
error shown is the standard error of the mean of three replicates. 
 Ethylene Concentration (nmol) 
Time (hours) pZR1188 pZR1429 
24 2.86 ± 1.12 2.96 ± 0.05 
48 5.81 ± 0.25 4.94 ± 0.04 
72 6.14 ± 0.25 5.44 ± 0.08 
Table 4.6: Ethylene concentration in headspace of vial of pZR1188 and pZR1429 strains 
grown in 7.4% Beet Juice Concentrate.  Values shown are also present in Figure 4.8.  The 
error shown is the standard error of the mean of three replicates. 
 Ethylene Concentration (nmol) 
Time (hours) pZR1188 pZR1429 
24 13.52 ± 0.10 12.68 ± 0.50 
48 14.28 ± 0.20 13.49 ± 0.33 
72 14.51 ± 0.18 13.95 ± 0.36 
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Figure 4.8: Ethylene concentrate in headspace of vial of pZR1188 and pZR1429 strains 
grown in 7.4% Beet Juice Concentrate.  Error bars show standard error of the mean of 
three replicates. 
 
Figure 4.9: Ethylene concentration in headspace of vial of pZR1188 and pZR1429 strains 
grown in 7.4% Beet Juice Concentrate.  Vials were 165 mL in volume containing 40 mL 
Beet Juice Concentrate.  Error bars show standard error of the mean of three replicates. 
Ethylene production by pZR1188 at 9-hours was not detected. 
4.3.4. Sucrose Utilization 
The sucrose concentration of the medium of the pZR1429 strain shows a stark 
decrease in the first three hours of incubation (Figure 4.10).  The sucrose concentrations in 
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the medium held steady until twelve hours where they showed an increase until the final 
measurement at 48-hours (Figure 4.10).  The pZR1188 strain followed this same trend but 
with a delay subsequent increase of sucrose concentration in the medium (Figure 4.10).  
Final concentrations of sucrose in the media of both the pZR1188 and pZR1429 strains are 
higher than the uninoculated media at zero hours (table 4.7).  The pZR1429 strain displayed 
highest conversion efficiency of sucrose to ethylene between 0-9 hours whereas the 
pZR1188 strain displayed its highest efficiency between 13-24 hours (Figure 4.11 & Table 
4.8). 
 
Figure 4.10: Sucrose concentration in the media of both the pZR1188 and pZR1429 
strains measured every three hours after inoculation until twelve hours then at 24 and 48-
hours with time zero corresponding to uninoculated media prior to inoculation. Vials 
were 165 mL in volume containing 40 mL Beet Juice Concentrate. Error bars show 
standard error of the mean of three replicates. Samples at hours 3 and 6 for pZR1188 
strain were not measured. 
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Table 4.7: Sucrose concentration in the media of both the pZR1188 and pZR1429 strains 
measured every three hours after inoculation until twelve hours then at 24 and 48-hours 
with time zero corresponding to uninoculated media prior to inoculation. Vials were 165 
mL in volume containing 40 mL Beet Juice Concentrate. Samples at hours 3 and 6 for 
pZR1188 strain were not measured. 
 
 
 
 
 
 
Figure 4.11: Ethylene production of E. coli W bearing pZR1429 plasmid between 0-9 
hours, 10-12 hours, and 13-24 hours represented as µmol ethylene produced per mole 
sucrose consumed.  Error bars represent standard error of the mean of three replicates. 
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Hour
pZR1188 pZR1429
 Sucrose Concentration (mM) 
Time (hours) pZR1188 pZR1429 
0 136.91 ± 10.8 136.91 ± 10.8 
3 N/A 121.85 ± 2.58 
6 N/A 119.84 ± 3.92 
9 135.52 ± 2.30 123.15 ± 2.68 
12 126.18 ± 1.51 134.95 ± 6.39 
24 138.00 ± 0.78 135.69 ± 3.76 
48 148.88 ± 0.75 162.82 ± 11.39 
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Table 4.8: Ethylene production compared to sucrose consumption (nmol/mol) based on 
ethylene and sucrose data obtained from 165 mL vial trials presented in Figure 4.9 and 
Figure 4.10 and visually represented in Figure 4.11. 
 
 
 
4.3.5. Growth Curve 
Both pZR1188 and pZR1429 strains had the same rate of growth and stationary 
phase OD600 values when placed in the same media (Figure 4.12 & Table 4.9).  Both 
pZR1188 and pZR1429 achieved a higher OD600 when placed in the 7.4% Beet Juice 
Concentrate (Figure 4.13, Figure 4.14 & Table 4.10).  
Figure 4.12: OD600 of pZR1188 and pZR1429 strains in 7.4% Beet Juice Concentrate 
grown over 72 hours.  Error bars represent standard error of the mean of three replicates. 
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Table 4.9: OD600 of pZR1188 and pZR1429 E. coli W strains grown in 25mL of 7.4% 
Beet Juice Media for 72 hours.  Time zero measurement corresponds to OD600 of media 
after 1mL of seed culture was added and thoroughly mixed.  Values representing error 
are the standard error of the mean of three replicates rounded to the nearest hundredth. 
Values are also represented in Figure 4.12. 
 OD600 
Time (hours) pZR1188 pZR1464 
0 0 0 
3 0.07 ± 0.02 0.37 ± 0.01 
6 0.32 ± 0.02 0.51 ± 0.02 
9 0.43 ± 0.02 0.46 ± 0.01 
12 0.46 ± 0.02 0.44 ± 0.03 
24 0.65 ± 0.02 0.66 ± 0.02 
48 0.65 ± 0.02 0.67 ± 0.01 
72 0.62 ± 0.06 0.57 ± 0.02 
 
 
Figure 4.13: OD600 of pZR1188 strain grown in 3.7% and 7.4% Beet Juice Concentrate 
measured every 24 hours for a duration of 72 hours.  Error bars represent the standard 
error of the mean of three replicates. 
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Figure 4.14: OD600 of pZR1429 strain grown in 3.7% and 7.4% Beet Juice Concentrate 
measured every 24 hours for a duration of 72 hours.  Error bars represent the standard 
error of the mean of three replicates. 
Table 4.10: OD600 of pZR1188 and pZR1429 grown in 3.7% and 7.4% Beet Juice 
Concentrate for the duration of 72 hours.  All samples were measure every 24 hours and 
the time zero were artificially set to 0 OD600.  Error is the standard error of the mean of 
three replicates. The values of the 3.7% Beet Juice are represented in Figure 4.10 and 
7.4% Beet Juice in Figure 4.11. 
OD600 3.7% Beet Juice 7.4% Beet Juice 
Time (hours) pZR1188 pZR1429 pZR1188 pZR1429 
0 0 0 0 0 
24 0.56 ± 0.02 0.53 ± 0.04 0.62 ± 0.03 0.62 ± 0.01 
48 0.56 ± 0.02 0.53 ± 0.03 0.60 ± 0.00 0.64 ± 0.00 
72 0.55 ± 0.02 0.56 ± 0.02 0.58 ± 0.01 0.62 ± 0.01 
 
4.4.Discussion 
The addition of efe to E. coli W allowed for the induction of ethylene production 
during the growth phase.  Ethylene is a natural secondary metabolite produced by E. coli 
strains at low concentrations of NH4Cl and in the presence of several amino acids, 
particularly L-methionine (Ince and Knowles 1985).  The production of ethylene during 
the 72-hour trial showed no significant difference between the efe containing pZR1429 and 
the control pZR1188 strains in the same media types (Figure 4.7 & Figure 4.8).  There was 
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also no significant change in how either strain grew in media or the maximum OD600 in 
stationary phase (Figure 4.12).  Both strains in 7.4% Beet Juice Concentrate media 
achieved a higher saturation (Figure 4.13 & Figure 4.14) and produced more ethylene 
compared to the 3.7% Beet Juice Concentrate media (Figure 4.7 & Figure 4.8).  The 
ethylene-forming enzyme was found to be expressed in only the pZR1429 strain through 9 
hours (Figure 4.3) and contributed to ethylene production but does not contribute to long-
term ethylene production by E. coli W strains in Beet Juice Concentrate media.  When 
focusing only on the 7.4% Beet Juice Concentrate media, the pZR1429 strain does give 
rise to ethylene production earlier than the pZR1188 strain (Figure 4.6 & Figure 4.9) 
indicating that the efe gene is functional in E. coli W.  After ethylene production starts in 
both the pZR1188 and pZR1429 strains, the measured sucrose concentration also increases 
in either the same time point, in the case of the pZR1429 strain, or in the subsequent time 
point, in the case of the pZR1188 strain (Figure 4.9 & Figure 4.10).  This would suggest 
that the production of a secondary metabolite, which co-elutes with sucrose in the Agilent 
ZORBAX Carbohydrate Analysis HPLC column, is being produced either because of 
ethylene production or more-likely because of potentially anaerobic conditions produced 
in the sealed vials after the cultures reach the stationary phase.  This secondary metabolite 
calls into question the accuracy of the data when analyzing the sucrose concentrations in 
the media (Figure 4.10) and establishing a reliable ratio between ethylene production per 
unit of sucrose consumed (Figure 4.11). 
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Chapter 5: Future Research 
The utilization of beet juice as a medium for E. coli W to convert sucrose into 
valuable compounds could become an economically viable alternative to current 
methodologies employed by the biofuel and industrial chemical industries.  Beets (Beta 
vulgaris L.) are usually between 15-20% sucrose by weight (Vargas-Ramirez and 
Wiesenborn 2016). Both studies in linalool and ethylene production used beet juice extract 
diluted to 3.7% or 7.4% sucrose by volume neither of which had adverse effects on the 
growth of the E. coli W strains suggesting that undiluted beet juice extract could be utilized 
directly in conjunction with E. coli W to produce valuable compounds.  This would 
eliminate much of the cost of pretreating feed stocks through either heat or enzymes to 
make carbon readily available for conversion.  By placing a manufacturing facility within 
proximity of a source of beets it would also reduce transportation costs and excess loss of 
feed stock due to their susceptibility to molds and difficulty of storage due to their high-
water content. 
Linalool is a compound with multitudinous uses in commercial, industrial, and 
potentially medical sectors.  Within these sectors, it is required that the linalool utilized be 
of a high purity which is why it is currently primarily produced synthetically (Bauer, Garbe, 
and Surburg 1988).  This is because most of the linalool which is naturally produced is 
done so through plants excreting essential oils containing a wide variety of types and 
concentration of terpenoids (Aprotosoaie et al. 2014; Piras et al. 2018).  E. coli W with beet 
juice extract could provide a more viable method of obtaining high-grade linalool for these 
commercial, industrial, and medical purposes provided improvement through additional 
genetic manipulation or environmental conditions.  These improvements could include 
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changing the currently used Picea abies derived synthase with one originating from a 
prokaryotic species such as the one recently studied by Karuppiah et al. (2017) which they 
had reported provided a 300-fold increase in linalool production compared to its plant-
based linalool synthase counterpart.  The addition of the non-native MVA pathway into E. 
coli W could theoretically funnel more carbon towards the desired product also increasing 
the yield.  Improvement to the system could also be as simple as increasing the sucrose 
concentration in the medium allowing for more sucrose uptake and utilization. 
Ethylene is a component which is in heavy demand in virtually every aspect human 
life due to the ability to be converted into plastics among other valuable chemicals and 
resources or directly utilized as an additive. Because ethylene is primarily produced 
through the cracking of non-renewable fossil-based resources, such as shale and petroleum, 
it is important to find a renewable source which is also comparatively cheap to the current 
methods of production.  E. coli W does contain a native pathway which allows for 
production of ethylene through utilizing sucrose but is potentially a stress response to low 
amounts of available nitrogen in a medium.  The addition of efe from Pseudomonas 
syringae glycinea to E. coli W did enable ethylene production in the exponential phase of 
growth, the protein expression decreased drastically one stationary phase was established.  
More investigation would be required to find the cause of this decrease and could include 
measurements of ethylene production and protein expression when the E. coli W is grown 
in a known aerobic environment rather than a sealed container provided ethylene can be 
feasibly captured and quantified.  Refining this system could potentially require a better 
understanding of the central carbon metabolism of E. coli species certain nutrient excess 
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or deficiencies effect the pathway exploited by efe or the native ethylene production 
pathway. 
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